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It is often believed that both ionic liquids and surfactants
generally behave as non-specific denaturants of proteins. In this
paper, it is shown that amphiphilic ionic liquids bearing a long
alkyl chain and a target molecule, where the target molecule is
appended via a carboxylic ester functionality, can represent super-
substrates that enable the catalytic activity of an enzyme, even at
high concentrations in solution. Menthol has been chosen as the
target molecule for slow and controlled fragrance delivery, and it
was found that the rate of the menthol release can be controlled
by the chemical structure of the ionic liquid. At a more
fundamental level, this study offers an insight into the complex
hydrophobic, electrostatic, and hydrogen bond interactions
between the enzyme and substrate.
The term ‘ionic liquid’ refers to the liquid state of matter exhibited
by salts at, close to, or below 100 uC. Ionic liquids are typically
organic salts of which 1,3-dialkylimidazolium salts are arche-
types.1,2 The majority of papers published emphasise their
advantage regarding the numerous combinations of cations and
anions, and consequently the possibility of tuning their physical
properties. However, only a relatively small number of published
articles deal with designed ionic liquids for specific purposes; it is
still more common to search for potential applications of the most
popular classes of ionic liquids.
The interaction of enzymes with either ionic liquids3–10 or
surfactants11–13 has been the subject of many investigations. Some
research groups demonstrated the applicability of ionic liquids as
novel media for enzymatic reactions,14,15 whereas this contribu-
tion demonstrates their applicability as substrates for enzymatic
ester hydrolysis. Herein, the enzyme chosen was lipase because of
its low cost and availability, robustness, versatility, and activity
over a broad range of temperatures and pH.16,17 Lipases are
commonly incorporated into laundry formulations for triglyceride-
based stain removal.18,19 They constitute a special category of
esterase enzymes which are highly efficient at hydrolysing
molecules with carboxylic ester groups.20,21 One of the most
interesting features of a lipase, which distinguishes it from an
esterase, is the abrupt increase in activity upon crossing the
solubility boundary of a substrate, i.e. after interface formation.
The interfacial activation was also found after passing the point of
micellisation of the substrate.22
Bearing these facts in mind, the ionic liquids used in this work
were synthesised to fulfil the requirements of an enzyme substrate:
they have a long alkyl chain capable of aggregating in water (and
also contribute to a better adhesion of these ionic liquids to fabrics
if used for laundry purposes), and carboxylic ester groups in their
structures (Fig. 1 and 2). Although lipase is also active on
substrates with a low solubility in water, or an emulsion forming
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Fig. 1 A pictorial representation of ionic liquid-tagged target molecules anchored
to a substrate, and their releasemediated by an enzyme. In this work, ionic liquids
have been designed and synthesized for fragrance delivery, but the concept can
be applied for delivery of other active compounds, including pharmaceuticals,
sensors, etc.
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substrate, micelle-forming systems are preferred since they are
thermodynamically stable, easily controlled and defined.
Self-aggregation of the ionic liquids in water over low
concentration regimes was studied by surface tension and
fluorescence spectroscopy with pyrene as a probe molecule. The
surface tension of aqueous solutions of four ionic liquids was
measured as a function of concentration. Surfactant aggregation
in solution leads to a decrease in the surface tension with
increasing concentration, followed by a change to almost constant
surface tension as the critical aggregate concentration (CAC) is
reached. Data are shown in Fig. 3(a) and Table 1. The surface
tension data were used to determine the CAC, from the
intersection of a linear extrapolation of the two differing regions.
For comparison purposes, the data for the structurally similar
ionic liquid family [Cnmim]Cl, (n = 4, 8, or 14) are included.
23
From the CAC values for these two families of ionic liquids, the
contribution of the menthyl ester unit to the free energy in the
formation of the micellar aggregate was found to be 2DGm = (8.3
¡ 0.5) kJ mol21 which is approximately equal to the contribution
of five methylene units added to a single chain ionic surfactant.24
It should be noted that a plateau was found, even for a short chain
[C4menim]Cl.
Fluorescence spectroscopy, using pyrene as a molecular probe,
was used to investigate the polarity of the probe domains in the
solutions as a function of the surfactant concentrations. The
intensities of the first (I1) and third (I3) vibronic bands in the
pyrene emission spectra located around 373 and 384 nm,
respectively, were measured and used to determine the ratio I3/
I1. The intensity ratio I3/I1 varies as a function of the polarity of
the pyrene environment and increases with decreasing solvent
polarity.25 Fig. 3(b) shows the pyrene response (I3/I1) for the
aqueous solutions of the salts as a function of concentration. The
CAC is determined from the intersection points between that
plateau and the descending part of the fluorescence profile
(Table 1). The decrease in the CAC of aqueous solutions of
[Cnmenim]Cl, (n = 4, 8, or 14) is a consequence of the increased
alkyl chain in the cation. But the presence of the hydrophobic
menthyl ester group has a significant effect on the shape of the I3/
I1 curves. In the case of [C14menim]Cl, a change in the slope of the
I3/I1 curve, rather than a plateau, was found. It may indicate that
the monomers do not form a well-defined aggregate structure
immediately. Initially, loose aggregates are formed which grow
and form densely packed structures. This is also followed by the
formation of closer packed surface monolayers, see Fig. 3(a).
Significant hydrophobic contributions from the menthyl ester unit
Fig. 2 Rationale for the design of ionic liquids bearing menthyl ester groups for
fragrance delivery, [Cnmenim]Cl (n = 4, 8, or 14), and [N1 1 8men]Cl.
Fig. 3 Monitoring the self-aggregation of four ionic liquids: [C14menim]Cl, [C8menim]Cl, [C4menim]Cl, and [N1 1 8men]Cl using two techniques: (a) IFT, (b)
fluorescence.
Table 1 Critical aggregate concentration, CAC (in mM) of [Cnmenim]Cl and
[Cnmim]Cl,
23 n = 4, 8, or 14, and [N1 1 8men]Cl, measured by interfacial tension,
IFT and fluorescence spectroscopy. The experimental errors for both techniques
are ¡ 10%
Ionic liquid
CAC
IFT Fluorescence
[C4menim]Cl 80 130
[C8menim]Cl 8 16
[C14menim]Cl 0.13 0.11
[N1 1 8men]Cl 8 11
[C4mim]Cl * *
[C8mim]Cl 220 *
[C14mim]Cl 4 3
* Aggregation was not found.
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in [C8menim]Cl and [C4menim]Cl, combined with p–p stacking
interactions of the imidazolium rings are reflected in very high I3/
I1 values that reach 1.2. Single chain surfactant micellar systems
usually reach a plateau in the range 0.75–0.85.26 A lower I3/I1 ratio
is found for [N1 1 8men]Cl in comparison with [C8menim]Cl,
which is expected as a reflection of the loss of the p–p stacking.
It is known that the structure of cationic surfactants, namely,
the charge of the head group, their hydrophobicity and size, have
significant effects on enzyme–surfactant interactions.27 In this
study, it was necessary to elucidate whether, and to what extent,
the different structures, hydrophobicities and morphologies of the
aggregates affect the enzyme activity, keeping in mind that the
binding of an enzyme to a substrate involves hydrophobic and
electrostatic interactions, and H-bonds.
The results of the enzyme hydrolysis of the three ionic liquids
[C14menim]Cl, [C8menim]Cl, [C4menim]Cl at pH 7.5 are presented
in Fig. 4. In the first experiment the concentration of the ionic
liquids was 1 mM, Fig. 4(a). It was expected that the two ionic
liquids [C8menim]Cl and [C4menim]Cl at this low concentration
would be in a free monomeric form, while [C14menim]Cl would be
in an aggregated form. It is obvious that the enzyme activity
measured by the menthol release is slow and almost equal for
[C8menim]Cl and [C4menim]Cl, but significantly higher for
[C14menim]Cl. In the second experiment, Fig. 4(b), the chosen
concentration of the ionic liquids was 30 mM, at which
concentration [C8menim]Cl is in a micellar form, while
[C4menim]Cl should remain in themonomeric form. Thementhol
release found for [C4menim]Cl was the same as obtained for the
lower concentration (1 mM), but the menthol release from
[C8menim]Cl was twice that of [C4menim]Cl.
Data for [C14menim]Cl could not be obtained in this higher
concentration range because of phase separation (the presence of
a phosphate buffer lowered the solubility). As a consequence, the
rate of menthol release was high, but the reproducibility very low.
This system can be used when a high conversion of a hydrolysis
process is required, but it is not suitable for the purpose of slow
and controlled release.
The menthol release was also measured for two ionic liquids
with a similar hydrophobicity and surface behaviour,
[C8menim]Cl, and [N1 1 8men]Cl, as a function of concentration
and time (Fig. 5(a)). This figure clearly shows that the enzyme has
amuch higher activity in the presence of [C8menim]Cl than it does
in the presence of [N1 1 8men]Cl. This is not surprising since
[N1 1 8men]Cl is a much weaker hydrogen-bond donor than those
ionic liquids based on imidazolium rings. This is clearly shown in
Fig. 6. It is known that hydrogen-bond forming compounds
interact with amino acid residues localized on a lid that controls
entry to the active site, changing its conformation into catalytically
more favourable positions.28 Moreover, the different distributions
of positive charge within the imidazolium ring and in the
Fig. 4 Rate of the ester hydrolysis measured via menthol release for three ionic
liquids: [C14menim]Cl, [C8menim]Cl, [C4menim]Cl. The ionic liquid concentra-
tions were (a) C = 1 mM, and (b) C = 30 mM.
Fig. 5 (a) Menthol release (mg cm23), and (b) the initial rate of the menthyl ester hydrolysis rmen[g (h mol)
21] for three ionic liquids: [C4menim]Cl, [C8menim]Cl, and
[N1 1 8men]Cl as a function of the concentration.
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[N1 1 8men]
+ lead to different surface charge densities of the
micellar aggregates that could affect the electrostatic interactions
between the charged part of the enzyme and the micellar
substrates.
In order to clarify if there is any interfacial activation present
after passing the point of micellisation of the substrate, the initial
rates of ester hydrolysis are measured and shown in Fig. 5(b) as a
function of concentration. Clearly, [N1 1 8men]Cl is not a suitable
substrate for the enzyme and the rate of hydrolysis is much lower
compared to the other two ionic liquids, [C4menim]Cl and
[C8menim]Cl. The rate of hydrolysis of [N1 1 8men]Cl is increases
and reaches a low constant value of 0.3 g (h mol)21. In practical
terms, this value of the menthol release could not be detected by
smell, contrary to the case of menthol release from imidazolium
based ionic liquids. No discontinuity around the CAC has been
found. In the case of [C8menim]Cl, two regions were found; one at
a low concentration, probably corresponding to the free mono-
meric form of the substrate with an initial rate of 0.7 g (h mol)21,
and the other region with an initial rate of 1.2 g (h mol)21 was
found above 10 mM, corresponding to the aggregate form. The
break point was found at ca. 5 mM. This relatively small change in
the menthol release during the micellisation is in agreement with
the fact that highly stereospecific lipase B from Candida Antarctica
does not have a prominent interfacial activation on super-
substrates,29 although some changes of the lid structure of the
enzyme take place30 at the water–oil interface that can affect its
catalytic activity. In contrast, [C4menim]Cl shows no break point.
The initial rate of menthol release for [C4menim]Cl is 0.7 g (h
mol)21 and is equal to the rate found for the free monomer in the
case of [C8menim]Cl. This can also be noticed in Fig. 4. It might
mean that the short alkyl chain [C4menim]Cl cannot provide
enough hydrophobicity in the interaction with the lipase which
would lead to the opening of the lipase lid which covers the active
centre.17
Conclusions
We have demonstrated that a set of carefully designed substrates
with ‘fragrant appendages’ activate an enzyme, leading to the
controlled release of fragrances. These observations have sig-
nificance for applications in the detergent and fragrance
industries, as well as for the timed release of pharmaceuticals.
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